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ABSTRACT

Wide-bandyap semiconductors are enabling higher efficiency, greater power density,
smaller size, and higher switching frequency than traditionsg¢i®iconductorsThis work shows
the development of an ov86% efficientl2-to-1 V GaN-basedpoint of load POL) conwerter
capable ofl50A operation ThemultiphasePOL converter demonstrates superior performance to
commercial and other plibhed POL convertersayout and control algorithms help to produce a
reliable product that is in a pproduction stateDevelopmat begins with optimizing a single
phase POL converter and expandingtatiphaseo meet load requiremendsd improve output
signal integrity Major concerns include reliability, efficiency, transient performance, and power
density.These concerns areircently preventing industry adoption wide-bandgapsystems. In
this work, dficiency is remarkably high, reliability studies have been performed and are ongoing,
transient analysis isompetitive with modern POL convertersnd the current system has a
competitivepower density of approximately 2&/in®. The POL converter is part @ wide
bandgap power supply chain designed for data center applications and is tested along with a three
phase front end rectifier and intermediate bus converter to showpdieatial of modern
semiconductors in power conversiapplications This work resuls in reduced energy
consumption, higher output powemaller size, anavill ease reliability concesof future wide

bandgap power electronics
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CHAPTER1

INTRODUCTION

1.1  Statement of Purpose

The purpose of this research is to make significant improvements taokthteart low
voltage point of load (POL) converters. In order of priority, the P@iverter should demonstrate
substantial improvements in efficiens% improvementpeyond the best commercial products
demonstrate reliable operation, match or beat transient performance of commercial POL
convertersand exhibit high power densityhedesign is tailored to data center and server power
supplies but is apjgable to many other areaghis progression will yield energy savings, reduced
maintenance, higheserver availability, reduced volumand lower line lossince a smaller POL

can be dcated closer to the load.

1.2  Motivation

Data center energy casire on the rise due to an immense escalation in cloud computing
anddigitalinformation storaggl]. To illustrate, a MW high availability data centevil| consume
approximately $20 milliomf electricity in its lifetimg2]. In the U.Salone, the annual power cost
to operatalata centers w&it.5 billion in 20073], it has increased every yearcail98(4], and
it is projected to increase more rapidly in the future due to greater cloud computing dependence
[5]. Traditionally, computer systerdesignhas been focused ancreasingperformane [6].
Today, the energgost of high performance servéras become largenough that, from a business
standpoint, it is worth investing in meexpensive hardware to resgvings in operating coft].
The same mindset is becoming evident in other applications kkesgortation, HiReland

consumer electronics and has led to recent growth in higher efficieneybandgap(WBG)



power semiconductor developmejd]. With the development of new materials for power
semiconductorghe power electronics market is primed for technological advancements that will

lead to more efficient and power dense swittbde power supplies (SMPS).

1.3 Data Center Power Supgy Chain
Typical data centers exhibit legsan 50% energy efficiency becauser halfof the power
is consumed by power conversion, distribution, battery backups, and c@@|linghe power
supply chain is especially inefficient due to ml&sign to reach near 100% availability. Mot
endsystems claim N+1 redundancy, no sirg@ents of failure, hot swappabtibassemblies
and large ainterrupted power supplies (UB)So achieve as high as 99.998% availabiMi].
For reliability concerns, data is often stored inltiple locations to ensure i$ not lost due to
failure. Additionally, it is very desirable that the system may receive maintenance without bringing
the rack offline. This improves availalyliin the event of component or sabsembly failure. The
additional components used to achidugh reliability systera also consume energwhich
presents a direct traadf between efficiency and reliabilityn most industrial systems, reliability
is of the highest concern sintlee customer immediately notices a system failure. Poor efficiency
adds significant cost over the systemds |ife
cloud computing andigital storage increas@pidly, the markt is beginning to realize the value
in an efficient system and how it may reduce
The conventional power supply argtture (see Figl.1) connectsa 480 V threephase
( 3 AQ busto the power distribution unit (PDU), which contains the UPS aedternal to the
server rackAn AC/DC rectifierand DC/ACinverterare necessary to incorporate the UPS into the

PDU. A 120V AC bus leaves the PDU and connectthrack. The power supply unit (PSU) is



located at the bottom of the rack and creates\d DZ bus that is distributed to each blade. Each
blade contains several POLs located near the electronis (loadDRAM, processors, auxiliary
power, etc.). Typial modern processor loads operbgtween 0.9 and 1¥. This architecture

contains unnecessary conversion stages and significant lirée passcularly at the 12V DC

distribution
. i________________---—-——————i120Vi‘::::::::.':-'-'-'-'-'-'-'-'-':-"'E-'----—:::E-":::::::qi
R AC/DC T DCIACH— 3{ m Electr. ii
i = Battery i EEPSU4OOVDC i i_________i i - ii
| l UPS/PDU Rack :

_______________________________________________________________________

Fig. L1: Conventional power supply architaos.

In pursuit of higher power supply efficiency, it is purposed tNéBG power
semiconductors can lead to smaller size and allow the entire anctetérbe located on the rack.
To reduce distribution losses, a 40@istribution bus is purposed. Higbltage distribution offers
many benefits but also requires additional safety precautions; however, a s&felid@ibution
is certainly attainable. A few higbnd products have already begun developing high voltage
di stribution, s U7/a% ara SystenBAI96 swhifhalistgbute IBIFCSo each
blade/drawer within the rack.Unnecessary power conversion stages can be eliminated by
implementing the UPS on the 400DC bus, and distribution losses canrbduced as a result of
ahigh voltageDC (HVDC) bus connectintp each blade. This proposed architecture can improve
system efficiency taas high as7/3% (see Figl.2 and Fig. 1.3 [9][11]. With fewer power
conversion stages, there dxiewer poins of failure and reduced size. Additional\WBG

materials have increased power density ;3\86% in general, allowing power converters to be



located closer to the load to reduce line |o&%de-bandgap semiconductors are the enabling

technol@y that support higher voltagéeep down ratios in a smaller package
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Fig. 1.3: Purposed architecture places all power conversion systems within the rack. IBC
and POL are locateah the motherboard, which is within each blade.



1.4  Enterprise Commercial Servers

The current server market is divided amomgny competitoi® the three dominate
competitors being International Business Machine (IBM), HeviAattkard (HP), and DellBM
and HP offer the most technologically advanced server8012, these three server powerhouses
combined for $38,062,000,000 in revenue, 74.2% ofwter | d 6 sshameeSevkral other
competitorsuch as Oracle, Fuijitsu, Hitachi, Cisco, Lenovo, Intel,rACeay,and othergompete
for the remaining 25.8% of the world server mafie}][13]. Fig. 1.4 reveals he wor | dds s«

market share in more detail.

Cisco, 1,610,
3.1%

Fujitsu,
2,070, 4.0%

Oracle,
2,660, 5.2%

Fig. 1.4 Worldwide sever revenue in 2012
(Revenue in Millions of US dollar$)2].

1.4.1 HP Server Overview
The power architectuef HP servers is not particularly
istheuse of Intéls Xeon processors thatheuwséddDdDRIHDP to 1

2.433 GHz Smart Memory, high I/O throughput, and a new generatioprotessor power



management that reduces power consumption and increases processor efficiency by 36%
compared teearlier Intel processors. With the pinnacle in high performance Intel processors most
commonly operating on the LINEX platform, HP is a serious competitor in the server industry

[14].

1.4.2 IBM Server Overview

IBM offers manyserver solutions fronthe System X and System Z, which are large
commercial products, to the Power Systems that are Enterprise grade and research level frames.
The Power 775 server from | BMut highoperformaneemp | e,
computig (HPC)s er ver that provides unparalleled cap
large, highly parallel computationallynt ensi ve wor k| o[a0f She #owdr al g o1
Syst ems ustPOWERSsCcess&dMiat feati4 GHz operating frequency, 12 cores per
processor with 8 hardware threads per core fah@&ds of parallel execution, dailt on 22nm
technology, and can operaten t he UNI X, LI NEX, or Al X platf
impressive but still secortd Intel.

Where the Power 775 server shines is its unmatched power capability and posityy den
unmatched parallel computatioraddility, and unmatched compute power per rack. The Power 775
is watercooled, capablef 360 kW of power conversion (fourmes that of most competitors),
and can be equipped with 3,072 cores in a single frame. Therefore, a Power 775 server equipped
with POWERS processors could operate at up to 4.3 petafidpeh is4.3x 10 floating-point
calculations per second (flopsjhis compute power per rack is enabled by advanced power
conversion systemsgyhich iseasily the most advanced power conversion hardware available in a

commercial product.



1.4.3 IBM Power Conversion and Packaging

The IBM Power775 offers a 35 DC distibution and a threstage power conversion
system with suassemblies, all of which are located on the rack. The first system is the bulk power
regulator (BPR), which is the equivalent of a FER on some systems. The BPR conuekter
with either of the fowing inputs: 386520V DC or 200480V A (no neutral) The output
of the BPR is th&50V distributed busEach BPR operates wp90 kW, and there are up to four
BPRs per rack. The BPR contains three-asfembliesummarized in Fig. 1.8nd Fig.1.6. The
rectifier convertghree-phaseAC power to three phases of a rectified sinusoid by means of a three
phase silicon controlled rectifier (SCR) bridgene BPR utilizes a buekoost power factor
correction (PFC) circuit. Buekoost PFGare preferred to boost PFCs becatsgallowsa wide
input voltage rangerhe PFC circuit operates in boost mode when the rectified waveform is below
410V and operates in buck mode when the rectified waveform is abové.4llige 410V DC is
converted to 35¢/ DC through an isolated DOC converte. This final stage within the BPR

provides voltage regulation and DC isolation for safety.
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Fig. 1.5: IBM Power 775 power conversion architecture.

Buck + %%
410V
480VAC —| Redctifier M Boost ||

PFC DC/DC

— 350V

Fig. 1.6: BPR sulassembly overview (rectifier + PFC + EIQC) [15].

After the BPR, a system called the distributed converter and control assembly (DCCA),
which is similar to te IBC from section 1.3, conver850V DC to a regulated voltage around
44V DC that proceeds to the POL located next to the processch. [E&CA has 61 regulated

voltages on the output that combine for 17,5%0The DCCA utilizes Vicor VI chip sets. The
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Vicor bulk converter module (BCM) and pregulator module (PRM) are located on the DCCA

and thevoltage transformation modul®TM), an wregulated form of a POL, is located on the
motherboard near the load. This power conversion architecture has enabled vast increases in power
density over previous designs, it is the most advanced server from a power aspect on the
commercial market but isnly available in large orders to select cust@nand it has influenced

the purposed widbandgap topology in this wofi5].

1.5 Point of Load Overview

Data center power supply chains usually have three or more powersionv&ageée g. a
FER, IBC, and POL); many systems hadsitional stages to createD& voltage large enough
for batter backups. Of these power conversion stages, FERs demonstrate typical efficieneies of 88
92%; IBCs will demonstrate similar efficiensief 9692%, and the POL is often much less
efficientd usually between 80 and 85%ith an exceptional few above 85% in ideal operating
conditions The POL sustains the greatest percentage loss due to high conduction loss and the

lowest output power per PQhodule. Efficiency is calculated by

P'0"QQ : (1.1)

where

0 0 0 0 0 0 888 (1.2
The POL converter operates at the lowest input powerpfPthe conversion stages, and the power
loss is particularly high due primarily to conduction loss, switching loss, and magnetic loss.
Therefore, the large negatiterm in the numerator and comparatively small denominator force

the POL converter efficiency to be lowdrah the other conversion stagas,least in modern

commercial system3][9].



Typical efficiencies of commercial statd-the-art low-voltage POl are approximately
80% to 886 at mos{16]-[19]. However, some of these POL converters have unregulated outputs
and will incur additional los® regulatetheir outpus. Some research publicationsWBG POL
converters have documentbah eighty to low ninety percent efficiencig0]-[22]. However,
enhancemenmnode(E-mode)Gallium Nitride (GaN) FETs are a young technology aar@not yet
available with orfresistancgas low as some matufilicon (Si) MOSFETs. Thus, many GaN
based power supplies are limited by highresistance, while Shased systems are limited by slow
switching speés[23]. Neither system is ideal and is thus limited in efficiettigh onresistance
in the commercially available GaN FETs makes it difficult to design a POL converter to operate
at high operating currents (over 18(). Theincreased energy cosf POL convertersan be
detrimental to large scalgerations, such as data centers. POL converters are usually located very
close to the load to reduce conduction lessveen the POL and the lgahdlosses neahe load
generateadditionalheat thatrequires additionalcoolingefforts[24]. It is estimated that for every
1 W of loss at the POL, an additionbW is dissipatedy the previous conversion stages to get
that power to the POL, and thereais additional MV required taemove the additional heat from
the systeni8]. Thereforegvery 1W saved in POL efficiency improvements resultsjmto3 W
of power savings, and the PQlields high economical return. In othepplications, such as
portable electronics and telecommunications systpom POL efficiencyan drastically reduce
battery life and battery life has become one of the greatest-shormi ngs of todayo6s
[25]. WBG €lectronics enable smaller size that can eliminate the power brick used to charge a
computer, reduce cell phone semed weight andmuchmore.Thus, POL efficiencyand size are
vital in a variety of applicationsThe application in this work is simply detd towards data

centes, HPC, and similar applications that consume large quantities of power.

10



1.6 Common Point of Load Topologies

The two most common topajes applied to lowoltage POL converterare the LLC
resonant converter artie synchronous lok converter (represented Fig. 1.7, Fig. 1.8 and
compared imable 11). The major advantage to employing an LLC resonant converter is achieving
fast transient perfornmge. The synchronous buck converter offargully regulated output,

superior efficimcy, and good performance over a large load range.

cn =|= fo312f SR1]|
Lr T
O oc i § % :

1l Ir}
CeT  oaf SR2|

™
@)
1l
il
Pl

Fig. 1.7: LLC resonant converter topology.

Control
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v ©® e '

SR
== Vo

|
;

Fig. 1.8: Synchronous buck converter topology.
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Table 1.1 LLC resonant and synchronous buck converter comparison

DC Isolation Efficiency Performance  Well Regulated
Over Load Range Output

LLC Resonant ‘/ ‘/ x x
Synchronous Buck x ‘/ \/ \/

In the synchronous buck convertdrgtsmaller the ratio &7/Vin, the smaller the duty
cycle and more freheeling current that circulates through the syaobus rectifie (SR)
(seeFig. 1.8) [26], and Argecurrents inthe SR leado significant conduction losaVith the
applicatim of Emode GaN (eGaN) high electron mobility transistors (HEM);sa term
interchangeable witheterostructure field effect transistor [FHT), fast switching andeasonably
low Rpsony reduces transistor lossompared to Si MOSFETsaccording to[20][27]-[29].
Howeve, due to limitations in Bson), parallel GaN FETs are ofteequired in the SR of the
synchronous buck converter to achieve desirable high load effici&wuting parallel FETs
increases gate charge, which slows the switching speed of the device(b)s pplication, the
control switch does not conduct current for as long as the SR; ahsingleeGaN FET is
acceptable in the cordl switch and results in fagwitching with only minor sacrifice in
conduction lossOverall, the synchronous buck cones offers many favorable characteristics,
and amultiphasebuck converter can achieve higher load requirements while reducing output
ripple. If efficiency is high in design priority, the synchronous buck converter is a popular choice

among power supplyesigners.

1.7  Stateof-the-Art Commercial POL Converters
Stateof-the-art commercial dfthe shelf (COTSPOL converters are prianily Si-based

and12-to-1 V DC-DC conversin efficienciegypically range from80-88%, some of which are

12



unregulated conveers andrequire additional regulatots maintain proper output voltage. The
following are some of the best commercial POL competiand their performance H2-to-1 V

power conversion:

1 Vicor (86%, 100A)
1 Intersil (86%, 18A)
1 International Rectifie (88%, 15A)
1 Picor (88%, 8A)

1 Enpirion (85%, 2A)

Some of hese POLs aranregulated, and efficiency decreases by adding voltage reguBgion.
comparison, Sbased POL converters are limited by slow switching, which limits operating
frequency, limitsefficiency, and requires significant space to accommodate larger Si transistors
and large passive®f theCOTS POL converters, the Vicor product is the only one that operates
at high enough load currents to supply high performance processors, whictiesftand 100 to
200A at 0.9 to 1.2/. Vicor is the fundamental building block for the impressiBM powertrain
presented in &tion 1.4.3.

WBG devices, such a&aN and Silicon Carbide (SiC), offer superior characteristics to Si.
GaN devices are well suddor low-voltageapplications and are recently (since 2P@vailable
as Emodepower field effect transistor&-mode transistorsrapreferred to depletiomode (D
mode) transistors because they are normally off devices aulditeecircuitcan be simiified as
a result.Fast switching and small size enables higher efficiency and greater power density. The
objective of this research te push the boundaries of WB@werdevices to greatly improve
power conversion efficiency while providing reliable gwots with sperior output characteristics,

fast transient responsand high power density

13



1.8 Related Works

GaN FETs have become very popular in radio frequency (RF) power amplifiers (PASs)
because thecanachieveover double the power density compate Gallium Arsenide GaAs
FETs. The advances in RF applications facilitated the reremvations of GaN power
semiconductors. However, most early GaN power sentiucors were Bmodeor normally on
devices. A normally on device requires additional@lgircuitry and stastip protocol which often
intimidatespower supply designe@nd complicates thgystem As a result, normally on GaN
FETs never made a large impacitthe power electronics markentil theadvent of thecascode
device whichcombinesa D-mode GaN FET with a lowoltage Si MOSFETto achieve a device
that behaves like aB-mode device with about 106% tradeoff in overall performancerig. 1.9
andFig. 1.10 show an example of a 600 cascodésaN transistor and an example of how these
two devices are attached at the die level and padkag@ single cascodievice.Much of the
sacrifice in cascode device performance is a result of the parasitic mcee&hown in Fig. 101

Parasitic inductaneeslow the cascode device and resulinicreased switching loss.

I'" S [\)“A D
. p| AL
! G |
G |G| G3N(600V)
i : Nd:rmallyOn
.\n S //,
S| Silicon (30V)
Normally Off

Fig. 1.9 Cascode GaN transist[30].
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Fig. 1.10: Cascode GaN transistor die att@8h].

When true eGaN FETs were introduced in 2009 Iifficient Power Convesion
Corporation EPQ, many organizations begannesearctandexperimenwith the fastswitching
eGaNFETs and how they could be implementegower electronic applications. Since the best
commercial POL convertgioperating froml2-to-1 V have conversionfiiciencies of 8688%,
simply breaking the 90% efficiency barrier has bemmsideredvery reputableccomplishment
which only a few have achievg80]. Although manyauthors have attempted this task, nust
not reach 90% efficiengypee[20][30]-[37].

When implementinggGaN FETSs, the ability to switchapidly allows improverants in
efficiency or reduction isize. Aree ar ch group from Virgi @Gantar Techn
for Power Electronics Systems (CPES), in conjunction with EPC application engineers, have
developed and published several fisolated POL converterthat reach low 90% efficiencies
while making improvements in POL size and power denditye CPES group is leading the way
in high power density, lowoltage POL conveers. Three generations of tROL con\erters are

presented in Fig. 111 and their diciency analysis is shown in Fig. 1.81.13.
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Fig.1.11 Three generations &PES gnchronous buck conversg22].
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Fig. 1.13: Efficiency

of CPESS®

GaN and R2. POL

These prototypes may be capable of over 90% efficiency if switching frequency was

reduced and larger magnetic components were applied to the ;deswever, this design still

does not achieve remarkably high output currstany modern loads require at or above 200

Few authors are working on GaMised POL converters with the highest priority placed on

efficiency and most authors are unsuccessfathieving significatty higher than 90% efficiency.

Therefore, this work isiniqueasthefinal prototypes operate in excess of #0@nd well above

90% efficiency
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CHAPTER?2

Buck (STEP-DOWN) CONVERTERS

2.1  Overview

The buck or stejlown converter isne of the most fundamental SMPS. In ideal opematio
it has only two basic stateshen the control switch is on and when the control switch is off. To
understand the buck converter, consider the schearadioutput waveform presentiedrFig. 2.1
Whenthe control switch is closed, the input voltage is connected to the output directly. When the
control switch is open, theutput voltage returns to zero (ground). By alternating states, the
average output voltage at the outpukyy, can be adjusted as atip of the wo states. For this
reasonjn continuousconduction mode (CCM}he duty cycleD, and output voltageVour, can

be defined as
o — (2.1)
0 o (2.2)
w h e bnas thd timeinterval that the control switch is on and T is the perfothw-pass filter is
then applied to the output to average the output voltage and provide a near DC output. The

allowable ripple governs the filter design.

Vo

Control N
Switch E Vi
! Control Control Control Control
Gy Switch Switch Switch Switch
+ OFF ON OFF ON
Vave
K Vo
0 < tox—>
- T Time

Fig. 2.1: Simplified buck conveter without filter (left) and output voltage wavefor(rnight).



Applying a lowpass filter and inserting a load results in the generic buck converter
topology (see Fig. 2.2). During the first of two states (control switch on), current flows in the
direction indicated in Fig. 2.3, and the input supplies current to the load and charges the inductor.
During the second state (control switch off), the input is removed from the circuit, and the inductor
maintains current at the output to supply the I¢@id. 2.4. During this second state, current

circulates through the diode and is referred theswvheeling current.

Control
Switch E
Vsx
Vin e
— +

K c== Vo

Fig. 2.2: Buck converter topology

—
Control
T Switch E l
L
" O | — (YY" —>
n - - + l
]
T Z'S c== Vo Load
<« <~ <«

Fig. 2.3 Buckconverter with control switch on.
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(R IR

2& c== Vo Load
T l

— —

Fig. 2.4: Buck mnverter with control switch off.

The switch-nodevoltageis defined as the voltage between the control switchdaouk.

The instantaneouswvitch-nodevoltage ¥sn), inductor currenti(), inductor voltage\( ), and input

current (in) are depicted in Fig. 2.5. Nén the control switch is pthe switchnode voltage ist

the input voltageninus the forward voltage drop tife control switch. At this point, the input is
charging the inductor, which creates a pusitioltage across the inductaf(orientation shown
in Fig. 2.2),and the inpticurrent is equal to theductor currentDuring the next state,lven the
control switch is off the switchnode voltage is slightly below ground, due to the forward bias
voltage drop of the diode. The inductoas a negative voltage and thus ith#ucta current is
decreasing. At this time, the input is not providing any power to the network. These two states
continue to repeat as indicated in FAdb.

Based on the switchinfgequencygdesign of the lowpass filter and load currenthere are
three bag operating states of the byakr stepdown, converter: catinuousconduction mode
(CCM), discontinuousconduction mode (DCM)and criticalconduction mode. CCM occurs

when the inductor current is always positisach as the case in Fig. 216 DCM, the inductor

20



current becomes zero for a finite length of time, antical-conductionoperation refers to the
boundary between CCM and DCM, where the inductor current reaehedut does not remain
at zero for anyinite length of time In other words, iductor currentj., immediately begins to

increase again once reaching zero. Each operating state is governed by a different set of.equations

Therefore, the design process changes based on the operating state.

\r\"ns (5W)

Viv
E Control Control
Z Switch Switch
s ON OFF
\L Time
T L\-’Dioﬂegr VD)
< Tovn—>
A Max
—
2F----_= AL T T - e T CAveg (D)
= A4 Min
Vi - Vour
z| A A=
= B
-Vour
z v
o
EfF-—--f-=—=—======= Y EE E e 7 ol EEEE R Aveg (Ing)
- I v

Fig. 2.5: Buck converter steaghtate analgisin CCM.
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2.2  Continuous-Conduction Mode

CCM is the most common operating stéte battery chargers andC power supplies
where a DC vdahge with minimal ripple is desireds defined previously, the dutgtio or duty
cycle isthe rdio of control svitch ont i maey) afdlhe switching period (T), which defines the

ratio of input voltage to output voltage in CGbt a lossless systeas
o — —. (2.3)

In a lossless or ideal case, power is conseavebithe duty ratio can also be defined as a ratio of

the inputand output currerdsseenin Eq. 2.6

~ ~

0 0 (2.4)
w J0O w J0 (2.5)

Therefore
o — —. (2.9

To design a system in CCM ,itheinducanse aad switchmmg bl e ¢

frequency must bdesigned properly based on the input voltage and duty cycle. Given that
"Q P =~ (2.7)
the followingrelationship can be established:
U Q— ’ (2'8)
indicating that as frequency isincreasedi nduct ance can be decupéased

is a design constraint based on the tolerance of the load to handigeab®C current. By

rearranging (&), theoutputcurrent ripple can be determined fosystem in steadgtate as

w0 ——. (2.9
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Additionally, capacitance is also used to filter the output and therefore depends on
frequency, indu@nce, and allowable output voltage ripple. Large output capacitance is imperative
to keeping low output voltage ripple during steatiyte operation and preventing large voltage

spikes and drops during transient response. In st&tatly, output capacitamcsdetermined by

Increasing output capacitance will reduce the voltage drop or spike during an increase or
decrease in load. However, higher output capacitatszeincreases the amount of time for the
output to recover to its desired voltage after a load transient. Thus, output capacitance, C, is not
solely determined by steadyate operation but also by transient performance.

System design before simulationdaoperation provides a starting point; however, many
of these equations are idealized and neglect losses. Losses are seen as voltagerai®ps
components in the circuit and appear as voltage dabpige outputis well For this reason, in a

practicalsystem, the duty cycle must be increased topmmeatdor output voltage drop; thus,
o — (2.1)

for pradical systems.

2.3  DiscontinuousConduction Mode

DCM is common in applications such as DC motor speed control, whereeMains
relatively constant andddr is adjusted to influence motor speed. However, it is not imperative to
maintain output currenso the inductor curreniy, is allowed to remain at zero for a joet of
time. Sinceii is not continuously flowing, this state is called discontinsorsduction modeAs

seen in Fig. 2.6, there is a period of discontinuation in the inductor curremg @.CiM.
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Fig. 2.6: Buck converter steagbtate analysis in DCM
The governing equations in DCM are different from CCM and are often written in terms
of a variable K, defined as
(2.12

. 0
)] -

where R is the resistive load and assumed to be purely resistive. In DCM, the duty cycle is not the

ratio of the output voltage over the input voltage. Rather, duty cycle is define
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o — (2.13

and the voltage gain is defined as

o) — (2.14)

or can be written as

"0 . (2.15

Because increased inductance redticesiductor current rate of changes, since

w 03—, (2.16)
VL is unchanged, andcreased frequency reduces the time thairiductor current is able to rise
or fall, the maximum inductor curreriLmax) is inversely proportional to inductance and
frequency. The maximuimductor current, which is approximately the maximum output current,

can be determined by
G — - (2.18
Most buck converters are designed to operate in CCM or DCM but not often are they

designed to switch between operating modes. Both modes have particular applications, and due to

the discontinuity in inductor current, the governing equations are different.
2.4  Critical -Conduction Mode

Critical-conduction mode is the boundary between CCM and DCM, where the inductor

current reaches zero but immediately begins to increase agairoparation is defined by the
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same basic equations as CCM seen in Fig. 2.the voltage and current waveforms look very

similar to that of Fig. 2.5. However,

G Q j Qp I, (2.19)
w0 Q G
Q o
Qo (2.20)

and the average inductor current equals half the maximum inductor ¢urrent

0 - . (2.2))
It can be helpful to determine other characteristics of cHtioatduction mode, such as
critical inductance (L), load resistance @), power (Rrit), inductor current (lcrit), and the
variable Kciit. They are defined by the followingjeations and derived from general CCM

equations while setting the average inductor current to half the maximum inductor current.

0 — (2.22)
Y 2 (2.23)
0 S (2.24)
and
G —. (2.25)
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Fig. 2.7: Buck converter steadyate analysis in criticalonduction mode

Most often, operation in criticadonduction mode igot the intent nor is it a practical
system design. However, it is helpful to analyze the critical operating point to ensuesite d
stays in thedesired operating state, CCM or DCRKbr example, il > Lerit, R < Ryrit, P > Perit,
andl. > I crit, then the system will operate in CCM. If any one of these statements is true, the rest

will also be true. Therefore, if pof the statements are falgbe systenwill operatein critical-
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conduction mode dDCM. This analysis of the boundary conditisrusetll for detemining the

mode of the buck converteperation

2.5  Synchronous Buck Converters

The concept of synchronous buck converters is simply to replace the diode in the buck
converter with a lowdrainto-sourceon-resistance (Bson)) transistor, tpically a MOSFETwith
body diode The benefit tesynchronous buck conversion is lower conduction loss due to the free
wheeling current. The transistor that replaces the diaidvave a near constantoRon) while
the diodenasa near costant voltage ap. For example, most Schottky diodes have approximately
0.5V forward voltage dropThe two states of the synchronous buck converter are nearly identical

to theasynchronoubuck converter, and power flow during the two dominate states are shown in

Fig. 28.
—
Control i . ) o
Switch State 1 input charges inductor
State 2: inductor holds up output
L
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Fig. 2.8: Synchronous buck converter
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The synchronous buck converter results in some additional losses, st@nsstor

condugion loss, switching loss, arghte drive losd calculated by the following, respectively:

0, O QY Jp O, (2.26)
0 -0 00 20 o JQ (2.27)
where
o o — Sy (2.28)
and
0 0 » IO . (2.29)

Thebody diode, which is parallel to the MOSFETill has reverse recovery losses adecessary
to avoid large voltage spikes across the inductor during switchtoeadDeadtime is required
to avoid shoethrough currentfrom input to ground which occursif both FETs are on
simultaneouslyandproperly controlling deatime adds comipxity to thesystemcontroller. It is
ideal to minimize deatime, since the diode must conduct during diéae, which leads to losses
governed by
0 ® JO3—, (2.30)

where £ is the diode forward voltage drop (~ 0%, Ir is the diode forward current, which is
equal to the freewheeling currentjs theamount of time thathe diode conducts each period, and
T is the period.

Synchronous conversion isore common for lowoltage applications, as there is much
more potential for efficiency improvemenEren with allthe additional transistor losses, the sum
of these losseg@ less than that of an asynchronous converter, whose diode forward voltage loss

is defined by
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0 «J0dp ©O. (2.3))
This loss term can be catastrophic to a-latage POL converter. For example, consider-#024

1V POL converteroperating at 1@ load current. The resulting duty cyeteapproximately

0o —X (2.32)

—OpP
T8t LY
where Q is a loss coefficienPower loss due to diode forward voltage drop is then
0 ®J0dp ©
™MW PpTO p TEITULY
T& Ww.

Considering that the total output power of thystem is

0 0 W (2.33)
PTO pPW
p T,

The diode forward voltage loss alone accounts for nearly one third wipiiepower and limits

the maximum efficiencys follows:

POQQ p T (2.34)

8

o X b.

This example demonstrates the importance of synchronous rectification, particularly at low

voltages. Even with several additional loss terms from introducirgdditionaltransistor to the
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system,the efficiency improvements from thgrnehronous buck converter are well worth the

added complexity to the design and control.
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CHAPTER3

GAN-BASeED POLDESIGN

3.1 FET Selection

Until recently, power semicaluctors were usually producedTi®©, powerPAK, and D
PAK style packaging due to disize, thermal dissipation requirements, and the vertical flow of
current through the device3he introduction of GaN to power semiconductors has allowed
manufactures to produce devices with approximaeébythe footprint of similar rated-PAK Si
MOSFETSs.In addition, GaN semiconductors have much betteoretical limits of specific on
resistance to breakdown voltage, when compared to Si and%0R GaN is a cascode device
from International Rectifier (IRand the GaN HFET is aniBode GaN FETrom ERC; they are
compared to device theoretical limits in FB)1. As of now, GaNdevices offer verygood
performance at much lessstthanSiC, very small footprints, no reverse recovery lossasbhafdy
diode, very low Bsoon), and very fast turon and tun-off times due to Qin singledigit nC range.
In the current market, GaN generallythepe f er r ed WBG mat er i6adVv),at | ow
and Si C is the preferredo60W&ince&ittrensidtosslorigiaated h i g h ¢
in the 1950s, they have continued to improve in performance; however, since the start 8f the 21
century,Si transistor improvement hasastically slowed as Si approaches its theoretical limits.
GaNtransistors already outperform Si aan@ expected to make vast improvements over the next
decadgsee Fig.3.2). GaN devicesre very appealing ithe design ofhigh performance power
electronics; nfortunately, this decrease jirackage size has magmtotyping significantly more
challenging. Traditional manual solder iron assemislynot sufficient for these devices.
Difficulties include board design, devicerttding, alignment, solder reflow, flinesidue removal,

and patassembly inspection. The ER@4 andEPC2015 devices both havedanm pitch and

32



are1.85mn¥ and 6.70mn?, respectively. In many situatiorthie decreased pitch and snsifle

of these devicemandate the use of automated assembly equipment, such as a pick & place, to
ensure quality and repeatalalesembly. However, this may rime feasible for initial prototyping,

due to cost and time constrainir more detajlamanual assemblgrocess fothese chip scale
devicesapplied specifically to the EPC2014 and ERC5is presenteth Chapter 9Thisprocess
decreasethe cost and turn time for prototype assembly when utilizing these types of chip scale

packagegower semiconductorsaking desigrprototyping a more rapid process
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Fig. 3.1: Comparison of maximum theoretical-mesistance to breakdown voltage
for Si, SiC, and GalB2].
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Fig. 3.2: Performance improvements with GaN as Si reaches matufaBpn

The EPC2015%vas selecteds the preferred GaN FET for th2-to-1 V norrisolated POL
converterregardless of prototyping difficulties. These GaN FETs lsay@ficantly lower ¢ and
Coss than other Si alternative#hus resultng in faster switching and reduced switching loss;
however, the 4nY , V4<0GaN FET has nearly four times the-msistance of the best Si
MOSFET alternative (1.InY , VaSInfineon BSCO10NE2LS). &h on-resistances were
measured at & = 4.5V. With anapproximate duty cycle of 9%, the highermsistance is not
detrimental in the control switch. Hawer, the SR is conducting for approximat@ifs of the
period in12-to-1V operation, and conduction losses are much grestiedying parallel GaN FET
pefformancehelped determine how many GaN FETs should be in parallel to appropriately reduce
equivalent Bsonyto balance conduction and switchingses for maximum efficienover a large
operating rangg21]. For examplea shgle EPC2015 has Y p&on) and 10.5nC. If two
EPC2015s are paralleled in the ,SRey yield an equivalent ch esi st ance aof 2

equivalentgate charge of 2hC. Thus, adding parallel devices will decreaseresistance and
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increaseswitching los since theswitching timeis increasedProperly balancing these variables is

key to optimizing design performance.

3.2 Parallel GaNHEMT Performance Analysis

The impact of parallel GaN HEMTs on efficienoy a nonisolatedPOL converter is
investigatedo analyze how additional parasitics and uneven current sharing ithpatgsignin
this work, HEMT and HFET can both be used to describe the GaN devices and are thus
interchangeable termSimulationsalonedo not adequately represent realistic perforogausing
GaN HEMTsbecause parasitic inductances are on the same order of magnitude as the device
inductance, and inductance increases switching time andhass this experiment was necessary
to determine the impact of parallel GaN HEMTs.

The test reults indicate how many parallel GaN HEMTs should be used to achieve
maximumefficiency based on load conditionsss calculations and simulations provided initial
direction, andien POL converters were tested whalely varying the number of parall€&aN
HEMTsin the control switch and SRhe designs tested are summarized in Tabl€Eadh design
was tested between 2.5 and 30 A output. Depending on application load and frequency, the optimal
combination of GaN HEMTs can be derived from this daxpermental esultsindicate thatdur
above 19.5A, two EPC2015 switches and four EPC2015 synchronous rectifiers (referred to as
2x2015/4x2015) mmimizes loss. Below 19.5 /fa 1x2015/2x2015 HEMT combination minimizes
loss. Results presented here should expdldé design process for future engineers seeking greater
power supply efficiency with GaN transistors, and it provides novel test data over a large load
spectrum, variety of frequencies, and ten combinations of GaN HEMTi®#toal V norisolated

POL coverter.
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Table 3.1: Summary of POL converter designs to investigate parallel GaN HEMTs

Converter Parallel Parallel
Reference # in switch in SR

1 1x2015

1x2014 5 % 2015

1x2015

2 x 2015

3 x 2015

4 x 2015

1x2015

2 x 2015

3 x 2015

4 x 2015

1x2015

2x 2015

O 00 N O U B~ WN

=
o

3.2.1 Analysis
Gate charge times enesistance@c X Rps(on)) is a figure of merit (FOMjhat can be used
to measure the overall performance of a FET or HEMT. Wi#nghing else constant, lowering
Ros(on)linearly reduces conduction loss, and lowgi@s increases switching speed thraducing
switching loss. Therefore, operating load and frequency govern the optimal design. By placing
HEMTs in parallel, the effeste Ros(on)is divided but @ is added; therefore,teadeoff between
switching and conduction lossisspresented Calculating the conduction loss for the switch and
SR is straightforward using E§.1 and3.2, respectively.
0§ "0 QY 20 (3.)
0, O OY Jp © (3.2)
Calculating switching loss is more complex and must include gate charge lossSSjBgd3drain
to-source power loss (E§.4), where g and t are approximated by E§.5. Complete MOSFET

loss models iH120][38][39] can be applied to GaN HEMTs with minor manipulation.
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0 0 » IO . (3.3)

0 o JO 20 o IO (3.4)

o o — 2 (3.5)
A summary of effective omesistance, Bsonyerr, and effective gate chargeg&, is given

in Table 3.2, andonverters 4nd10from Table 3.1 are shown in Fig. 3The GaN HEMTs were

assembled using the manual assembly process pddgntHenning etl. [40].

Table 3.2: Effective omesistance and gate charge of parallel HEMTs

HEMTs RDS{ON),eff (mQ) Qg,eff (nC)
2014 16 2.5
2015 4 10.5

2x2015 2 21

3x2015 1.33 31.5

4x2015 1 42

TILM5113 Switch SR Coilcraft XAL1010-

Gate Driver 102MEB (1pH)

(b) Converter 10 (2x2015/4x2015)

Fig. 3.3: Example POL converter prototypes
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3.2.2 Performance & Experimental Results

Converters 1 and,2dferring to Table 3.1use the EPC2014 as the control switch. Both
designs performed poorly overghlarticularly at high load (see Fig41 3.5). In addition, reliable
performance was not evident above 20 A, due togHenitations of the EPC2014. he POL
converters were air cooled with a 250 cfm high velocitydiarng testingbut the current limit on
GaN FETs is primarilglue tothermal limitations

Converter 2 adds an additional EPC2015 to the SR, and a drastic improvement is evident
by its peformance. This indicates that conduction losses are a significantesofiloss in
converter 1 which isften the case fdow-voltage high current applications.

Fig. 3.6 1 3.8 show converters 3, 4, and 10, respectively. Converter 3 (1x2015/1x2015),
like converter 1 (1x2014/1x2015) has only one EPC2015 in the SR and is thus dominated by
conduction losses. Performance suffers particularly at high load. Converter 4 (1x2015/2x2015)
adds an additicd parallel EPC2015 in the SR, which makes a sigarft mprovement in
performance92% peak efficiencys attainedat 11 A. For loads below 15 A, this design results
in significant improvemenipon commercially available ®iased POL converters.

Converters 5 9 did not outperform converter 4. Converter 202015/4x2015) does not
reach peak efficiencies as high as converter 4; however, its efficiency does not decrease as rapidly
with increasing loada result of low conduction lossThus, converter 10 is the most efficient

design at loads above 1995
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Fig. 3.4 Efficiency vs.loadi converter 1 (referenced to Table 3.1)

Converter 2 (1x2014/2x2015)

.
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N
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Fig. 3.5 Efficiency vs.loadi converter 2 (referenced to Table 3.1)
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Converter 3 (1x2015/1x2015)
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\ Vout =1V
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Fig. 3.6: Efficiency vs.loadi converter 3 (referenced to Table 3.1)
Converter 4 (1x2015/2x2015) Vin=12v
Vout= 1V
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S
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Fig. 3.7: Efficiency vs. load converter 4 (referenced to Table 3.1)
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Converter 10 (2x2015/4x2015) vin=12¢
95

o0

w—f = 200kHz
85
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Efficiency (36)

= 300kHz
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80 —

VN

75
o 5 10 15 20 25 30 35
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Fig. 3.8 Efficiency vs. load converter 10 (referenced to Table 3.1)

3.2.3 Summary

GaN power semiconductors are facilitating higher power density, higher frequency, and
higher efficiency DEDC converters. The GAHEMT market is still limited in product, so some
compromise in ofesistance may be necessary. Nevertheless, this can be overcome by paralleling
multiple HEMTs, which is a tradeff between switching speed and-msistance. This paper
discusses how #t tradeoff applies to d2-to-1 V POL converter. Because the SR condtiots
output current for approximatelyi% of the period, or onminus the duty ratioreducing Bson)
in the SR is especially important. For this reason, drastic efficiency wveiments are realized
when implementing a second GaN HEMTthe SR. Results of the2-to-1 V POL converter
indicate that below 19.5 A, one EPC2015 switch and two EPC2015s in the SR is the best design
and maximizes efficiency. Above 195 two EPC2015sn the switch and four EPC2015s in the
SR maximizesféiciency. These conclusions can be drawn by analyzing Fig. 3.9, which compares

efficiency performance of the best POL converters tested in this sethierdesign layout and
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supporting components areostn and result in a 92% efficiency -1@1 V POL converter

employingWWBG GaN power semiconductors

Comparison of Various HEMT Arrangements Vin=12v
= vout=1v

Efficiency %)

Ty,
——2014/2-2015,200kHz
——2015/2-2015, 200kHz
80 / N \ 2-2015/4-2015, 200kHz
75

0 5 10 15 20 25 30 35
Load Current [A)

Fig. 3.9 Efficiency vs. load of best performing FET combinations

3.3 DeadTime Management

Deadtime management is an important step ingld@sg any sgchronous convertevhere
two transistors alternate states to direct current. Recall in Chapter 2 that the asynchronous
converter is very easily controlled with a single switch. Once timehsgnous system was
introducedin Section 2.5, the system contesllhad tobecome more complex to operateo
alternating switches. Fig. 3.10 shows the two synchronous buck converter states that alternate at a
desired duty ratio, D, to reduce the voltage from input to output. The body diode parallel to the SR
is necessy in Skbased converters to avoid large inductor voltage spikes if the current was stopped
each period while the switches changed states. It is ideal in this system to minimizengdead
sincethe curent flowing through the diode creates more powertloascurrent flaving through

the SR.
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Fig. 3.10: Synchronous buck converter

In synchronous conversion employie@aN HEMTS, the body diode is optional, since the
GaN HEMT will conduct with applied %0 \2 Thus, theeGaN HEMT has a buiin body dioa
effect; however, while theGaN HEMT conducts due to appliedd/ the forward voltage drop
across the HEMT is approximately2 If a Schottky body diode was placed in parallel to the SR,
the forward voltage drop of the body diodeuhb only be approximaly 0.5V, reducing the
conduction losses during deticthe by 75%.The reverse conduction for a MOSFET body diode
and an eGaMEMT are compared in Fig. 3.1The penalty, however, is that the body diode also
requires energy to turoff, which is called reerse recovery lossgk. A finite amount of kris
lost every time the diodes forced toconduct. This occurs twice every period and the B
dependent on the diode characteristics. Hence, minimizing or eliminatiigds is beneficial to

the systemSince the use of a body diode is optional when using d@aMTs, the two systems
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(with and without a body diode) must be studied separately. Each design presents advantages and
disadvantages.

100
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MOSFET
= 80 — 25°C
‘é 70 125°C
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S 60
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s 50
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S 30
L eGaN FET
= 20 m— 75°(
10 125°C
+Zero Qe
0 - )
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Vsp — Source to Drain Voltage (V)
Fig. 3.11: Reverse conduction of MBIST with body diode and ea® HEMT [41].

3.3.1 DeadTime with Body Diode

A distinction must be made between the terms dmael and effective deatime. Dead
time is referred tasthe time between controller gating signals. Therefore, in a systémzerno
deadtime, the controller will turn one switch off at the same time that it turns the other switch on.
Still, this zep deadtime condition willhave effective deatime since the transistors start and stop
conducting at a nemero gateto-source tireshold voltage (Mi). A system with zero effective
deadtime will slightly overlap the control signals so that thesdf the two switches intersect at
V1H. An example okero effective deatime and a zero deadne switchingin a haltbridgeis
presergd in Fig. 3.12Although deadime is easy to establish, effective de¢sude is a function
of variations in device threshgldate resistance, gate driver variation, operating voltage, operating

temperature, and gate capacitance. Therefore, a partioodamé of controller gate overlap will
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not produce consistent effective ddade among multiple systemslevices and operating

conditions

Vgs_Top Vgs_Bot Vgs_T()p vgs~80t
VA (J'l.«\_,
J J
. /
) g’|
l‘
§ /
Vig-----1- ]
/
0 Phomby - - -+-5--- L-1--|- e - I - -

Fig. 3.12: \&svs. time of a zero effective degidhe system (left)
and a zero deatime system (right}42].

The more conservative approach is to use an external body diode in parallel with the eGaN
SR. Especially for early prototypes, the body diode is very useful because the controller does not
have to be finguned and the systemogs not pay as much of a penalty for additional denae
Once the system design is more mature, it is optional to remove the bodyAtitils.time, it is
much more important to reach near zero effective -tieael

Consider the deatime interval befae SR turron. The drain terminal of the SR is
externally commutated by positive current flowing into the drain. This current is dependent upon
the rate of turroff of the control switch, which is also load dependent. If the inductor has sufficient
energyto completely commutate the voltage, lossless zero voltage switching (ZVS)nuwasmn
be achieved by the SR; however, if gféectivedeadtime isincreased further, the diode will be

forced to conduct. As soon as the diode conducts, it incurs diodeatmmdlosses proportional to
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the remainingeffectivedeadtime and reverse recovery losses, which can be calculated using Eq.
3.6 and Eq. 3.FA1].

Oy ‘O Jdwo (3.6)

0 0 Jw (3.7)

wherel_ is the inductor current,®i s t he forward voltage drop o
conduction time, @k is the reverse recovery charge of the diode, agd(S86metime referred to
as \kus) is the switchnode voltage and is the node between the tarststorsConsider Fig3.13,
which represents th8R drainto-source voltage (¥s) commutation waveforms plotted against
time for various load conditiong he lines with larger negative slopes represent the converter
operating ahigherloads. The conveter in this work is designed to operate between the green and

blue lines in Fig. 3.13, resulting in only brief diode conduction.

Device Turn-off . DeviceTurn-on
! ! Turn-off device has diode reverse recovery
Negative current causing diode conduction ! Turn-on device is hard-switching

v

Zero Current

Partial ZVS turn-on,
Ne reverse recovery, but

1
|
1
]
i ]
High Loss ! Dead-time dependent
—_— hard-switching losses
:
1
]
]
: Optimal dead-time
! Lossless commutation
No Loss :

A GND _

F 3

ZVS turn-on with diode conduction
time increasing with current

Blue = lossless ZVS with zero diode conduction (ideal SR twon)

Orange = slow turn-on due to light load = lossy hard switching + no diode conduction
Fig. 3.13: SR ¥s commutation for varying load conditiof43].
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Clearly, deaetime is a complicated matter as the effectieadtime changes based on so
manyvariables including load condition. The benefit of implementing a body diode, although not
necessary, reduces the penalty for forward voltage condwdtibie diodeduring effective dead
time. In the application of th&2-to-1 V synchronousuck converter presented in this work, the
operating load is between 0 and 80This large load range means the effective dead will
change significantly dependimgn load. With this consideration, a very smal Schottky diode
(Vishay MSS2PaVI3/89A) is placed in parallel with the SR. This diode has a maximum reverse
DC voltage (\k,max) Of 30V, a forward voltage drop () of 0.6V, approximately 6pF reverse
recovery charge (&) that results in low reverse recovery loss, anly @ 2A average current
rating.See Fig. 3.14 for the layout implementation of the Schottky didd& that the converter
may require the diode to conduct up toA@or a shorttime, yet aly a 2A diode is necessary
which helps reduce size and reverseovery loss. If effective dedine is managed welgn even
lower current diode may be acceptable. A similar but lower current diode would significantly
reduce Qr to reduce reverse recoydpss but increase pdvhich will increase diode conduction
losses. This is a tradeff that may be desirable if the control loop is wadfined to manage

effective deadime sufficiently.
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Fig. 3.14: eGaNyschronous buck converter layowith Schottky diode

3.3.2 DeadTime without Body Diode

Third party studie show some improvement in conversion efficiency when removing the
Schottky diode from the synchronous buck converter. As mentioned previously, this is only
beneficial with very low effective deatne and the effective dedione must be a function of load
current, which complicates the control algorithm. Fig. 3.15 shows the experimental efficiency
results from a MHz, 12-to-1.2V synchronous buck convertemploying EPC2015 49 eGaN
FETSs the figure compares GaN and Si systems with and without a ScHaitleyandit compares

effective deadimes from 0 to 1®s.Note that when the third ga figure refers to deatime, this
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is effective deadime as it is defined in this work, and the effective déiatk is equivalent for

both switching states.

90
v — L
89 .
~~~~~~ ~1% efficiency drop
Y Y e cal” VG St S P per 10 ns total

70% loss reduction wi

87 external Schottky diode

$ 8
% ¥/ 50% loss
s / ' reduction
2 No improvement for
é 8 external Schottky diode
- ~1% efficiency drop

83 Total dead-time cycle is twice perinterval per 20 ns total

—— eGaN FET, 5 ns dead-time —+—eGaN FET, Optimum dead-time
82 ~e eGaN FET + Schottky, Snsdead-time ~ —e— MOSFET Optimum dead-time
81 eGaN FET, 10 ns dead-time —a— MOSFET, 10 ns dead-time
eGaN FET + Schottky, 10 ns dead-time ~ -e-  MOSFET + Schottky, 10 ns dead-time
80 ¥
4 6 8 10 12 14 16 18 20 22
Output Current (lovr)

Fig. 3.15: Efficiency ofal MHz, 12-to-1.2V synchronous buck converter
with different effective deatimes[43].

Regarding Fig. 3.15, the eGaN efficognis greater than the 8ificiencydue primarily to
decreased switchingntie, whileall elseremainsconstant.This is evident by the shapes of the
efficiency curves.With 5 ns and 10ns effective deatimes, the eGaN designs experience
significant loss reduction with a Schottky diode. The optimum -dieael, orzero effective dad
time, results in the lowest converter l108$ this operating point, the eGAaMNET has no need for a

Schottky diode. If the effective dedithe becomes slightly positive, tihhedy diode effect of the
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eGaN FET with ¥p »2 V will conduct with a somewhaarnge forward voltage drop of \2.
Therefore, deviation from the effective deade comes with a large efficiency penalty.

Although finely tuned systems can operate with near zero effectivetideadt is unlikely
that real productsvould be capable adoing so whileoperating reliably. If effective dedatne
becomes negative, even slightly, ésults in shoethrough currenwwhere current travels with
nearly zero resistance from input to ground. Very brief sttmough current causes an immediate
dropin efficiency. Longeshootthrough current will damage one or both of $ietching devices
in the half bridge blow inrush fuses, or damage otlaspects of the circuiltimately, shoot
through current leads to reliability isss and system failureoFthisreason, the work presented
here retains the Schottky body diode and controls the system to avoidlsioogh at very light
loads. Then, at higher loads, when switching occurs more rapidly, the body diode conducts for a
longer period of time anahcurs some additional loss as a result. This system operates on a constant
deadtime control system. A variable de#ithe control system may be an option to further

improve the system and is thus mentioned in the future work section of this document.

3.4 Impact of Layout Parasiticson GaN-Based Designs

Layout parasitics play an important role in switching qualitg speedin traditional Si
based designs, layout parasitics, particularly parasitic inductance, was only a small fraction of the
packagendudance of a transistor. Therefore, layout had only minor effect on circuit performance.
With GaN bare die packages, parasitics in the semiconductor packaging are drastically reduced,
and the layout parasitic inductance is a larger percentage of the iruthan prevents current
from changing rapidly. Therefaremall improvements in layout for Gabhsed designs results in

major efficiency improvement, less voltage ringiagd more reliable FET operation
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There are several critical parasitic inductanite must be minimized for reliable and
efficient GaN FET operation: the gate inductancg (common source inductancesfLand high
frequency inductance loop (dep). Although these inductances are experimentally analyzed in a
synchronous buck converfehe layout principles can be applied to any GeNed topology.

. - L L
Vin Switch ,-—\A/—{\L\ e
= = O - m (0 0

1V
— \
= Le; 1SR
Cin - — I Cmﬂ: Load

\_

Common source inductancesfl+ Gate Inductance d) Loop
High frequency inductance loopdsp)

Fig. 3.16: Synchronous buck converter with parasitic inductances

— Vout

Large common sourdaductance creates a voltage drop acresuking FET turron (see
Fig. 3.16. This voltage drop subtracts from the drive voltage and slows the rate at which current
enters the gat22]. Gate inductance,d, behaves in a sittair fashion. A voltage drop across L
during turron reduces the effective drive voltage and limits current to the gate. The gate current

is determined by

"0 , (38)

which is equivalent to

0 , (3.9)
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where \brive iS the gate drive voltage,é¢éis the FET gateo-source voltage, andi¥Yand Mg are

the voltage drops across the common source and gate inductaspestively. During tur+off,

Ls and Lgs inhibit fast switching in the same manner as {omnbut with opposite signs applied to
voltages and currents. Reducing &nd Lg is particularly important to efficient and reliable
switching, as slow switching speealsd increased voltage ringing on the gate are indications of
large Ls and Lg and will apply more stress to the switching transistor.

The high frequency inductance loopodg, is the sum of the parasitic inductances from the
input capacitors, through thswitch, SR, ground, and back to the input capacitbrsop
significantly impacts switching speed amavitch-node voltage spike. Theswitch-node is
connected to the source of the control switch and the dféheSR. During turron, Lioop, lOwers
the efective voltage across the devdcdecreasing switching loss. However, during taffj Lioop
raises the effective voltage across the dévirereasing switching logg1]. The exact tradeff
between turron and turroff losses is presented [A2]. However, the net effect is that switching
loss becomes greater asdp is increased, so it is beneficial to reduagop-to promote lower
overall switching loss.

It has been established that Lc, and Lioop increase switching loss and induce voltage
ringing. Yet, the majority of this inductance can be mitigated by employing efficient layout

techniqud44].
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3.5 Experimental Analysis of Layout Parasitics

Although nearly forty different layouts were compared experimentally to determine the
optimum layout for this desigrihree layout approaches to a synchronous buck converter are
comparedhere to explain the concepts gained from this experimental andlysiemetal
improvemensg are realized as layout is improved to reduce parasitic inductance loops. Three
designs are pisented in Fig. 3.1The merits used to compare layouts are switchpeed, voltage

ringing, andl2-to-1 V DC-DC conversion efficiency.

(b) Design 2: Epear
tox +torr= 7.6921ns (10 A)

-~
v
-~
-
-
L4
-~
-
-
.-

]

(c) Design 3: Epeak = 96.1%
toN + torr = 6.9121ns (10 A)

Fig. 3.17: Synchronous buck converter layout comparison
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3.51 Design 1: SingleSided Termination

Design 1 is a singledided termination design inspired by the {oast recommendation
by EPC[20]. It is a singlesided ternmation desigrbecause current can only enter axa the
source and drain pads of the device in one direction. The two parallel EPC2015s in the SR are
placed close and share long source and drain pads. Although this design is functional and
physically sm#, a singlesided termination adds too much common source inductance to be

optimal. This layout is represented in Fig. 3.17(a).

3.52 Design 2: DoubleSided Termination

A doublesided design has the immediate benefit of letting current antixit from both
sides of each drain and source pad. The resulting layout reduces parasitic inductance by creating
two parallel current paths. Design 2 places the EPC in the middle siviteérnodecopper (Cu)
plane. The drain pads are connected directly to thpl@e on layer 1, wlle the source pads are
connected to other ground layers by a sifgks/0.50mmyvia (0.25mm hole and 0.5nm pad)on

each side of every source padhis layout is represented in Fig. 3.17(b).

3.5.3 Design 3: DoubleSided Termination (Two Vias)
Design 3 improves upon design 2 by adding an additional 0.25#%0iaon each side
of every source pad3his addsnore parallel vias to further reduparasitic inductanceompared

to design 2 Thelayoutfor design 3s represented in Fig.17(c).
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35.4 Gate Path Optimization

Rather than running gate and source tracestsidade on layer 1, as denn design 1,
designs 2 an@ have a wide gate trace on layer 1 with the source return to the driver on layer 2,
directly below the gat&race. Interacting magnetic fields reduce inductance on the gate similar to
two semiinfinite sheets of current with opposing direction. As the distance between the two
conductors becomes smaller, the inductance also becomes smaller. Thus, it is aleabtodry
small isolation layer between the gate line (on layer 1)thadource return to the driver (on
layer 2). Rather than therinted circuit boardRCB) manuf act ur er Gmnthitle f aul t
isolation layer, a 0.12Tnm isolation layer was selected no additional cost to reduce gate
inductanceA reduction in isolation layer between gate send and return paths is recommended for
reduced k. This gatelayout is presented in Fig. 3. 1®&here layer 1 (top Cu) is shown in green

and layer 2 (first innéayer) is shown in red

Fig. 3.18 Optimized gate layout for reducgdte inductancéc.
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3.55 Impact of Parasitics on Svitching Speed andVoltage Ringing

The switching performance was examined by viewingsthigéch-nodevoltage overshoot

and switchng time. Significant improvemesitare gained from design 1 to 3. Thisddely & a

result of reduced parasitic inductanceeSig.3.19 for switching comparisonsBy reducing
overvoltage, the FEdrain-sourcebreakdown voltagkmit is not threatenedvhich leads to longer
device life By switching faster, the FETs dissipate less heat, leading to improved efficiency and

cooler,more reliable operation. Tabl8s3 and3.4 presenturn-on time (bn), turnoff time (torp)

and voltage spike of all three dgss. Since switching power losss(# is determined by

0 - W0 wo o @Q (3.10
switching power is directly proportional to total FET switching tims (t torp). It is clear from
Table3.5, that design 3 exhibits the lowestiching loss, as it switches an average of 45% faster

than design 1 and 18% faster than design 2.

Switching Mode Voltags [¥)

Experit ental Rising ‘Wawef omm of Switching Mode, Yoltage vs Time at 104 L oad

— - — 5-T.068ns
—— 10-T.06&ns
15-9.724n3

—20- 11.548ns
I}

=
=
=

L T
20 30 40
Tirne [n3)

Switehing Made Voltags [¥]

Experirnental Falling YWaveforn of SwitchingMode, Yoltage vs Time af 4 Loads

— - —5-3.66ns

—— 10-2.588ns
15-2.212ns
—0-2 fifidns

Tirne [ns]

(a) Design switch-nodevoltage at turron (left) and turroff (right)
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Fig. 3.19: Experimental switching waveforms d?-to-1 V synchronous buck converter at

incremental load currents

Table3.3: Turn-on time and overshoot

Table3.4: Turn-off time and overshoot

Turn-On Design 1 | Design 2 | Design 3 Turn-Off Design 1 | Design 2 | Design 3
Time (ns): 5A 7.068 455 3.94 Time (ns): 5A 4.892 4.888 2.945
Peak (V): 5A 20.84 15.21 14.08 Peak (V): 5A -3.014 -2.02 -2.44
Time (ns): 10A 8.23 5.008 4.42 Time (ns): 10A 2.588 2.684 2.492
Peak (V): 10A 20.24 14.22 13.7 Peak (V): 10A -8.2 -2.87 -2.85
Time (ns): 15A 9.724 5.836 4.7 Time (ns): 15A 2.212 2.2 2.028
Peak (V): 15A 18.6 14.01 13.86 Peak (V): 15A -12.07 -3.02 -341

Time (ns): 20A 11.548 5.744 4.904 Time (ns): 20A 2.864 212 1.64
Peak (V): 20A 17.77 14.08 139 Peak (V): 20A -13.49 -4.04 -6.07

Table3.5: Total switching time @n + tor) comparison

Total Switching Time (ns) | Design 1 | Design 2 | Design 3
at 5A load current 11.96 9.438 6.885
10A 10.818 7.692 6.912
15A 11.936 8.036 6.728
20A 14.412 7.864 6.544
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3.56 The impact of Parasitics onConversion Effi ciency

In order to analyze the role of layout on converter efficieafficiency of all three layost
is studied durind.2-to-1 V operationfrom 3 to 25A load, resultingin an average of 5% efficiency
improvemenbetween design 1 and design 3. Greater efficiency improvements are realized at light
loads because switching loss is a greater percentage of total convertenpossing layout only

has significaneffect on switching loss. Other loss terms remain relatively congapérimental

efficiency data is presented in Fig. 3.20

Efficiency vs. Load

T I

: : —*— Design 1

T St S S SO SO Design 2
T ' ' ! —+—Design 3
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a0
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5 10 15 20 25 30
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Fig. 3.2Q Efficiency vs. loadV¥in = 12V, Vout = 1V, andf = 180 kHz)

58



Efficiency (%)
100

R
i
30 _w
Bellnix BST12L
1A SA 10A 15A 20A 30A  Load (A)

Fig. 3.21 GaN POL experimental efficiency voramercial stat®f-the-art POL converters
operating at W = 12V and Vour=1V.

With peak efficiency over 96%, thsngle phas&aN-basedPOL converter outperforms
commercial statef-the-art DGDC con\erters and rivals or bea#8BG converterdesignsound
in published workMany power supply designers are employing GaN primarily to increase power
density. The novelty in this work is that GaN is exploited to push the boundaries of conversion
efficiency. This is done by first finding the optimal tradff between conduction and switching
loss to determine how many GaN FETSs to place in parallel. Next, layout parasitics are minimized
through novel techniques that were developed through rapid device prototyping. Once the design
is optimized, there is a diretradeoff between size and efficiency. In order to make the POL
converter smaller, switching frequency must be increased to reduce the size of the magnetic
components. By reducing the size of the inductor, winding and magnetic loss are often increased.
Additionally, switching losses are directly posponal to switching frequency anduslinearly
increasesgransistorswitchingloss. However, if efficiency has precedence over power density, the
switching frequency can remain lower, similar to that eb&ed systems, and the reduction in

switching Iss reduces system loss rimise system efficiency. That is the goal in the design
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presented here. The prototygl hasvery high power densityas the transistor size is reduced

simply by using smalleeGaNFETS, yet it is also remarkably efficient.

60



CHAPTER4

GAN vs. GAN/SI HYBRID POINT OFLoOAD CONVERTERS

4.1  Design

Enhancementode GaNeGaN)FETSs are a young technology and not yet available with
ontresistance as low as some mature Si MOSFETs. Thusy aNbased power supplies are
limited by high onrresistance, while Shased systems are limited by slow switching sp&gis
Neither system is ideal andtisus limited in efficiencyWith the applicatio of eGaN HEMTs
fag switching andreasonablyiow Rps(on) reduces transistor losses compared to Si MOSFETSs
[20][27]-[29]. However, there are still some applications better suited for lewofg Si
MOSFETSs. For example, in tH&-to-1 V synchronous buck converter presented heree@aN
FET is a prime candidate for tieentrol switch, but due to the large fr@eheeling current, some
lower Rosion)Si MOSFETS are superior #65aN FETsfor the SR applicationThis leads to the
notion that perhaps the bdetv-voltagenonisolated POL converter employs a combination of
eGaN and Si technologj45][46]. This chapter explores combining eé&and Si transistors to
improve the overall POL design.

When selectinghe proper transistors, it is important to be able to compare electrical
characteristics of each and underdthow they impact performand@os(on linearly impacts the
conduction los in a FET. Similarly, gate chargeg, @ a large factor in determining switching time
and thus switching l0§20]. A commonly referred t6OM has been presented in a previous chapter
andwill be usedextensively here. The Rdis calculatedy

o600 0 QY . (4.1)
Many of the best transistors on the market have similar FOMs but increasel @edae Rosoon)

or vice versaThis is a design tradeff that can be selected in the transistor desiigith this in

61



mind, it should be noted that the control switch will not conduct for very long and thus is optimized
by selecting a fast switching device withw Qg. Alternatively, the SR conducts most of the time,
so the SR should have very lowdn)

With several transistors experimentally compared, the EPC2015 reduces overall losses in the
control switch. The EPC2015 hasddn = 4mY a rs& 10®nC. Since the equivalent on
resistance of the SR must be further reduced, two different POLs wereediearghare shown in
Fig. 4.1& 4.2). The GaNdesign in Fig. 4.lises four parallel EPC2015s to achieve an equivalent
onresistanc®osonyeg=1MY, and a t odeaeld2ng. dhedSaN/Sh hybridjdesigQin
Fig. 4.2 replaces four EPC2015s witrsigle 1.1mY , n@ 8i MOSFET esulting in a slightly

improved FOM, lower werall gate charge, aielss required board space

% ~

,,,\SER1410 202
*@ asn o

v N Wea

513 4 SER1410-202
Dz” ‘ 1315D

Fig. 4.1 GaN POLconverter (1.25 ifiper phase) Fig. 4.2 GaNSi Hybrid POL
converter (0.74 ifiper plase)
The synchronous buck converter is an easy topology to parallel. Thus, the system can be
designed and analyzed with a single phase, and expansmitifghasedesigns is relatively simple.
The POL designs from Fig. 4.1 and FHig2 are identical wi the exception of the SR and slight

layout modificationso accommodate the changein$ReT e x as | nstrument sé L M5
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operates at 4.9, and the Infineon BSCO10NEZ2LS replaces four EPC2015s in the GaN/Si design,
which leads to a 40% decrearesize. Calculations and simulations of both designs indicate very
similar performanceThey were constructed and ts$twith two interleaved phases, which

essatially doubles theutput currentandthe performanceesultsof both designs amguite simihr.

4.2  Experimental Comparison

Both designs are tested with two parallel phéseso phasd”OL)from 6 to 40A load, 120
T500 kHz switching frequency, and with 1.5 ¢H
data is presented Fig. 4.31 4.5 Results indicat¢hat the GaN design has greater switching loss,
as its efficiency drops quicker with increasing frequency. Efficiency vs. load indicates that the GaN
design has slightly less conduction loss. Thus, low current operation is more effitierhe
GaN/Si design, while high current operation is slightly more efficient with the GaN design at low
switching frequencies; but above 400 kHz, the GaN/Si design performs better regardless of load due
to reduced switching loss. With oad better grformance and 46 smaller footpnt, the GaN/Si
hybrid design appeats offer many advantagésr high current POL applicationat least until GaN
technology matures to accommodate lowes& applicationsExpansion to more than two phases

with this GaN/Si design will be addressed later in Chapter 7.
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Fig. 4.4: Efficiency vs.tad, £ = 150 kHz andé: = 300 kHz
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Frequency = 400kHz: 12-to-1V Load vs Efficiency
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Fig. 4.5: Efficiency vs. dad, £ = 400 kHz andd = 800 kHz
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CHAPTERS

EXPERIMENTAL ANALYSIS OFCOMMERCIAL INDUCTORS

The two largest contributors to loss in synchronous buck converters are the power
semiconductors and the magnetic components. Since several previous sections have addressed
how to reduce Isses in the power semicomdlors this section compares many of the best
commercially available inductors suitable for this design to determine widcictors yieldthe
lowest overall lossinductor loss is sulddded into two forms of losswindingloss and magnetic
or core lossNaturally, there will be particular inductors suitable for high load, lload, high
frequency, and loirequency operation. This chapter will address the best magnetic components
for each applicatioand suggest a good compromise for the best overatirpghcancorporated
into the POL converter

The testing in this section takes place on shegle phaseeGaN synchronous buck
converter(design 2 fronSection 3.5.2 and the converter is shown in Fig. SAfter testing more
thanfifty commercial induabrs between 0.0&nd3¢e H fr om several venders
Wurth Electronics EPCOS, and others, the six best performing inductors fot#iis-1 V POL
application are:

1 Coilcraft SER1408. 02 (1 € H)
1 Coilcraft SER159@. 02 (1 ¢ H)
1 Coilcraft XAL101010 2 (1 € H)
1 Coilcraft SER159a0. 52 (1. 5 ¢ H)
1 Coilcraft SER141@0 52 (1.5 ¢ H)

1 Coilcraft SER141202 (20¢ H)
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The experimental testing results are shown in Figi %25. Additional information on these
commercial inductors can be found[#V]-[49]. In general, the higher inductance improves
efficiency at light loads because AC core loss is reduced. However, at higher load currents,

lower inductance improves efficiency because there is often less Damesi$DCR) in lower

value inductors.

Fig.5.1: Synchronous buck converter platform for characterizing inductors
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Fig. 5.2: Efficiency vsfrequency at 4 load with various inductors
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Load = 10A: 12-tc-1V Buck Converter Peak Efficiency
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Frequency = 170kHz: 12-to-1V Buck Converter High Load Optimization
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Fig. 5.4: Efficiency vs load at 170 kHz with various inductoBelow 9 A, the XAL1010
2200nH is the most efficientAbove 9A, the SER1590 1500 nHdnctor is most efficient
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Frequency = 300kHz: 12-to-1V Buck Converter High Load Optimization
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Fig. 5.5 Efficiencyvs.load at 300 kHz with various inductoiidie SER1590500 nH inductor
is one of the top performers at higher frequencies.

Experimental data indicates thbést converter efficiencies are realized around-

200kHz. With that in mind, below @& load current, the 2.@H inductor is ideal. Abov8 A, the

1.5 pH Coilcraft SER1594152 performs best. All considered inductors are similgshysical

size, so load conditions determine the best inductor for peak efficiency.
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CHAPTERG

PLANAR INDUCTORDESIGN AND COMPARISON

6.1 Overview

In this chapterthe design and implementation of planar inductorwvoltage GaN
based applications arnevestigated, and design techniques conducive to inexpensive, simple
implementations are utilized. The advantages and limitations of plathastortechnology, ag
relates to filter inductors, are presented. Design considerations such as core material, core
geometry, number of turns, gap size, fringing fields, and winding construction are addressed, and
several planar inductors are evaluated in 4012V GaN-based synchronous buck converter.
Experimental results are used to determine the feasibility and advantages of replacing
commercially packaged componergsich as those addressed in chaptenth, planar inductors.

The primary focus is to reduce inductoredoss, winding loss, size, and raise saturation current
by employing weHldesigned planar inductors to modern, widandgap power converters.

With the high power density demands of power supplies, swHotate power supplies
(SMPS) have experienced imwcrease in switching frequencies to facilitate smaller packaging and
stringent load conditionR29][53][54]. The magnetics are often responsible for the majority of
sydem losses, especially in high current and high frequency applida@bdné decrease in the
size of magnetic components is a natural consequence of increasing the switching ffelency
However,additional losseare introduced in the inductes a result of skin and proximity effects
from higher frequency AC curren€onventional rounavire inductors are particularly sensitive
to such losses. Planar magnetic technology provides the framewddvidoping inductors more

favorable for operation at high frequendi®g]. Planar magnetics offer numerous advantages over
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traditional wire wound components, including reduced AC winding loss, great thermal
characteristics,ra repeatability with narrow tolerance.

The primary drawback of planar magnetic technology is the difficulty in achieving a
acceptable DCRThick copper traces and pbeaPCB layers can mitigate this drawback, but will
increase the cost of the PCB. Ceggently, the gains made with respect to the AC resistance can
be negated by the DC losses at high load currents. For this reason, PCBs with more layers can
make a significant improvement in DCR by adding additional conduction pathshould be

stronglyconsidered in the co$b-performance analysis of any planar magnetic dd8igh

6.2 Planar Magnetic Design

Inductor losses can generally be subdivided into two categories: core loss and winding loss.
Core loss involves hysresis lossrad eddy current formation within the core material. Winding
loss is often spoken of in terms of AC and DC losses. DC losses are proportional to the DCR of
the windings and the square of the D@rent. AC losses occur as a result of the akihproximity
effects. For many lowoltage SMPS applications, winding loss makes up the majority of the total
inductor loss since output currents are often f@i[59].

Several core materialseaavailable and have a variety of trawfés. Four of the core
materials and core geometries examined in this work are presented B.1Fend Fig.6.2,
respectively. The rounded center posts of the ER18 and ER28 @itacilitate superior winding

design and are used extensively in this work.
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When considering inductor winding design, a -tm& inductor will result in lower
inductance; however, a otarn inductorhas the advantage of lower DCR, since the length of the
winding is shorter and all PCB layers become parallel conduction paths. However, if higher
inductance is desirable and a mitltin planar inductor is necessary, the ideal interleaved winding
constrution that promotes proper current sharing is depicted in &&). This interleaving

technique alternates first turn and second turn layers and is discussed extenfvé{y5h This
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technique was also verified throughD3 finite element analysis (FEA) before physical

implementation.

40 (mm)

Fig. 6.3: 3-D inductor winding structure with ER18 core and 10 PCB layers.

Gapping is often required to maintain a predictableidgtahce and to increase saturation
current. The size and location of the gap can substantially change the performance of the inductor
by determining effective permeability and inductance, which impacts current ripple. These two
parameters oppose one anotfad an iterative process should be used to determine proper gap
size [55][56]. Designing an inductor that yields maximum allowable ripple forms a suitable
starting point within the design tradpase. Subsequently, the inductance can be increased by
reducing gap size until the saturation current is reached at maximum load, thus providing the
designer with an experimental operating range. In this work, inductors with center post gaps and
distribued gaps are evaluated. The air gap=(|1) raises the reluctance of the path to increase
energy storage; however, the-gap also exhibits magnetic fringing effects that induce eddy
currents in nearby windings. Fringing fields induce additional AC wimpdbss and crowd the
current near the air gap, where magnetic fields are the highest. The result is uneven current sharing

that leads to increased conduction loss. Proper layout technique can mitigate the effect of fringing
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fields by spacing inductor wimalgs to avoid the highest concentration of fringing fields (see Fig.
6.4(a)). The optimal space from the air gap is when the eddy currents and AC resistance are low
without sacrificing winding size that significantly increases DCR (see5Hi())).

Windings Core

] Fringing
l fields

Total Losses

DC resistance

Air gap
AC resistance

optimal
winding shape

(a) Fringing fields on inductor windings and (b) Generic tradeff when reducing conductor
layout technique to mitigate fringing field effect size tocreate space from air gap fringing fields

Fig. 6.4: Spacing inductor winding® reduce eddy currents induced by fringing fields

6.3  Preliminary Experimental Comparison

First, broad preliminary experimentation with planar inductors is explored. The results of
the preliminary data will guide a more focused planar inductor designhe preliminary
experimental comparison,any combinations of core material, core geometry, gap size, gap type,
and nunber of turns wereompared by mounting a planar inductor encompassing the windings
and planar core to the POL converter. This endbéasy planar inductor comparison without
redesign of the entireOL converter. Testing took place on atb2l V GaN-based synchronous
buck converter; efficiency results are shown in Bi§. There are significant traaefs depending
on operating condiins. For example, a twiirn inductor demonstrated better low current
efficiency than a singléurn inductor due to higher inductance and reduced AC loss, whereas a

singleturn inductor increased high load efficiency by decreasing DCR. Thisdfatetveen

74



inductance and DCR is particularly evident in lB&(a) and Fig6.5(d). The ER23 core geometry
outperformed the E18, E22, and ER18 cores with its rounded center post and slightly larger size.
At 200 kHz, a 3 mil gap appeared ideal. At 50@zkB 46 mil gap performed begtarticularly at

higher load currents where the larger gap preveobedsaturation. A larger gap is acceptable
because the decreased inductance that resulted from a larger gap did not result in additional output
ripple, as long s the frequency was increased accordingly. For the widest load and frequency
conditions, a tweurn inductor delivered the best overall performance. Thus, preliminary
experimental results indicated that the 2186 ER23 tweturn inductor with a 4 mil disitouted

gap optimized performance in this design. However, in later designs, space constraints disqualified
the use of this core due to its larger size, and the ER18 core geometry was employedimisgtead

other parameters remained the same

Buck Converter V4.1 Efficiency Comparison - 200 kHz
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Buck Converter V4,1 Efficiency Comparison - 500 kHz
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Buck Converter V4.1 Efficiency Comparison - 16 A

95

90

[a]
o
T

1
1

Efficiency [%%]
oo
(=)
T

75

7or ER18 1 turns 3C82 2 mil gap - 0.636uH

ER18 1 turns 3C92 6 mil gap - 0.247uH
%~ ER18 2 turns 3C86 3 mil gap - 1.89uH
ER23 2 parallel turns 3CS6 4 mil gap - 2.26uH
65 1 I I I

100 150 200 250 300 350 400 450 500
Frequency [kHz]

(d) Efficiency vs. fequencyi 16 A
Fig. 6.5: Preliminary &perimental analysis of planar inductors in at@A V synchronous buck
conveter.
6.4  Final Experimental Comparison
The broad experimental comparison and FEA simulations narrowed the field to enable a
final planar inductor prototype, which was optieulzfor this application. In thénal design
prototype shown in Fig.6.6, the snaller ER18 core was utilized to meet space constraints, even
though the ER23 slwedimprovemens in performance. This design usaswoturn winding,
3C96 core material, and a 4 rdiktributed gap. The resultascompactL..59¢ H pl anar i ndu
that haseenoptimized for this 120-1 V DC-DC application. Efficiency results are presented in
Fig. 6.7 and efficiency was particularly high for a lexsltage converter of this nature. Typical
commercial converters of comparable specifications operate weilv[#86 efficiency, even

under the best operating conditions.

77



PB87783

niversity

-

9 e
;%”;{ o P
N ]

P | — ]
R2gal)
=

96 ! . ; !

94

92+
X —+— 140 kHz
> --r--- 220 kHz
SO0F - TR #-- 300 kHz
=1 . S N B 380 kHz
= -3¢~ 460 kHz

88|

86|

84 I L | I

0 5 10 15 20 25
Load Current [A]
Fig.6 . 7: Efficiency vs. |l oad (ER18 / 2 turn

To validate thé design and compare tmmmercial inductors, Figs.8 compares the

efficiency of this planar inductor to two Coilcraft inductors with similar footprint, saturation
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current, and inductance. Fig.8(a) indicates that the planar inductor shows lower AC losses, as
the efficiency drops less with increasing frequetmypared to theommercial alternatives. Next,

Fig. 6.8(b) shows significant improvement in efficiency gtli loads, which is a result of low AC
losses; however, efficiency decreased more rapidly with an increase in load compared to the
commercial alternatives. This is a result of slightly higher DCR in the planar inductor but is an
acceptable tradeff consicering the overall performance advantage achieved with the planar
design. Additionally, DCR may be further reduced by adding more PCB layers, which result in
more parallel conduction paths. The advantages of this inductor are even more evident when
increasing frequencymaking this planar inductor design ideal for mod&BG powerconvesion

that often operateat or abovel MHz.
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Fig. 6.8: Performance comparison of planar stduand commercial inductors.
6.5 Conclusions
Planar inductors have been experimentally developed and integrated intto-d 12
synchronous buck converter. Major parameters governing planar inductor design were described
in a simplistic manor to factite a similar design process, regardless of the application. Major
design parameters include: core material, core geometry, air gap size, and winding construction.
These parameters have been investigated in a broad experimental comparison which atlewed tr
offs to be established for this particular design. Next, an optimizecc1t59 p| anar i nduct
compared to similar commercial inductors to demonstrate the improvement in AC losses and
overall performance with planar technology. With a reduction @ léss and high saturation
current, this planar inductor design is ideal for high frequency-bahelgap power conversion

applications.
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CHAPTER7

MULTIPHASE POINT OF LOAD DESIGN

7.1  Theory

Multiphasesynchronous buck converters offer many appealingifeatand are simple to
implement by connecting commonwand \Vout and sharing common output capacitance. When
I°R losses begin to dominate the system, strategically dividing the output current among the phases

can drastically reduce conduction loss. Bga@pg each phase hby-+where

output current and voltage ripple is minimized because inductaents add at the output. Figl
shows efficiency of a one, two, and three phase POL conveperating at 178Hz per phase,
which resultan effective frequencieffer) of 170kHz, 340kHz, 510kHz, respectively. Adding
POL phases results in neartlentical performance with reduced output ripple, and performing
phase shedding allows optimum efficiency to be maintained over a wide load6ahgas the
effective frequency is increased by increasing the number of phlasastput ripple § reduced.
Fig. 7.2 simulatesthe reduction in outputoltageripple when adding POL phases and the trend

continuesas more phases are added
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Output Voltage with Two Phases
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Fig. 7.2: Output wltageripple mmparison

7.1.1 Advantages ofmultiphase POLs
There are many significant advantagesitdtiphaseé?OL converters. A mtiphase POL
converter:
1 Distributes current to reduce conduction loss
1 Increases output power
1 Reduces steadstate output ripple
1 Raises output frequency to reduce transient response delay (time from doa@ chntil
the next phase turmsn)
1 Reduces the ctent demand through semiconductatpartial load

1 Can perform phase shedding to maintain high efficiency over a very large load range
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7.1.2 Disadvantages ofmultiphase POLs
Likewise, there are several sacrifices that must be mduléphasePOL conveters may
result in:
I Increased size
1 More complex controllgorithms
1 Circulating currentbetween phases
1 Concerns of uneven current sharirepgily manageabldy reading phase curreand

adjusting the duty ratio, D

7.2 Version 3Testing Platform

The Verdon 3testing platformn Fig. 7.3 enablesxperimentation wittmultiphasePOL
converterslt has been designed to téstween one and fivghases. The Tl DSP controller is
capable of controlling all five phases. Each phasebegplugged into one of tHE)O-pin headers
located on the right side of the mother board. All POL designs are constructed on this platform,
tested as single phas®OL, and then tested with one to fipbases if preliminargingle phase
data looks promising his platform has sepaie inpus for 5V (controller),5V (driver), and input
voltage so that each loss can be measured and recorded separately. Padsbfstdep also
includes a static/dynamic load board that was specifically destgmadet the current and power
demauml of this POL converteiThis load board has been improved over multiple iterations and is

presented in Fig. 7.4 and Fig. 7.5.
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7.21 Five PhaseGaN/Si Hybrid Design

This section presents experimental results of an optimiZied phaseGaN/Si hybrid
synchronous buck converter designed to improve converter efficiency while meeting ngreasi
load demands typical iHIPC. This sectionpresents an expansion of the GaNhybrid design
presented in Rapter 4, as the previous worknew implemented in five interleaved phases.
Interleaved is a term used to identify that the control switches éaxh phase are turned on at
evenly spaced times within the period

It has been established thaetbeseGaN FETshave very low gate charge, switch much
faster than Si, anteduce size, aneGaN FEE are not yet available with extremely lowdn),
like comparable Si MOSFETSs. For this rease@aN-based systems are susceptible to poor
efficiency at high loads. To mitigate this consequence, the appropriate combination of GaN and Si
is utilized in al25W, five phase 12to-1V POL converter that achieveser 95% efficiency

Similar to the work in Chapter 4, the FOM defined as gate charge multiplied-by on
resistance is used to compare transistors. The comparison of the eGaN FET and Si MOSFET used
in this work is presented in Table 7.1. Comparing thedexaces reveals that the eGaN FET will
switch faster; however, the Si MOSFET witduce conduction loss. This sectiand the
following section compara GaN-based POL, a Si POL, and a GaN/Si hybrid POL. All three
designs are implemented as five interlehphases to increase output power capability, increase

effective frequency, reduce steashate output ripple, and improve transient response.

Table7.1:GaN and Si transistor comparison witead 4/. 5

Manufacturer Part Number Material Vps(V) Ip (V) Rpsion) (ME2) Qg (nC) FOM (m€ x nC)

EPC EPC2015 GaN 40 33 4 10.5 42
Infineon ~ BSCO1ONE2LS  Si 25 100 11 27 29.7
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Fig. 7.6: One of five GaN/Si hybrid POL converter stages in five phase converter.

EachGaN POL phase is identical tesign 3 from Section 3.5 (Fig. 3.17). Each GaN/Si
hybrid POL phase is identical to that presented in Chapaed4s r@resented again in Fig. 7.6
Each Si POL is simply the Infineon BSCO10NE2LS MOSFET used as the control switch and the
SR, and all other design aspects remain unchanged.

ThePOL converters uses the MW5113 gate driver, which has been designed speciicall
to drive eGaN FETs in a half bridge configuration. The driver has an intermal@®.1 pup bate
resistance to reduce gate overvoltage, and it uses a bootstrap technique to internally clamp the gate
at 5.2V, which preventsthe eGaN FETs from exceedirigeir gateto-source voltage limit
(Ves,max) of 6V [61]. The Si SRs abait 150% the size of the eGaN FBiit is still quite small
compared to similar Si devices. The Si device is also driven with the LM5113sat ¥.5V.
Since Si MOSFETSs are capable of being driven with a wide range of gate voltages, there is a direct

tradeoff between \&s, Rosiony, and @ for the Si deviceThis design drives the Si MOSFET with
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a low gate voltage that results in slightly highes®@n) andlower Q. External gate resistoege

0g resistors because additional gate resistanc
overvoltage of the gat&eferring to Fig. 7.6C2 7 C5 are input capacitors, al€P i C12 are

output capacitors. Theductor footprint was designed to accommodate se@AlISinductors
suchasthis2 H, m@. € o i SER1418A02 inductor, which was the largest inductance value

andwas generally the most efficient inductor testethis design.

Expansion from a sgle to multiple phases is simgs long as the controller is designed
efficiently, the controlleris fast enough to manage all active phases, and proper spacing of the
PWM signals for interleaving applicatioean be managedtach phase has a gate dribet is
driven by the same controllerhé phases can be synchronous or interleaving. Synchronous phases
turn on and off at the same time, while interleaving phases are staggered evenly throughout the
period. Interleaving phases have many advantages suelisang the effective output frequency
by

Q "Q 00, (7.2
where t1 is the effective frequency or frequency of th@LlPconverter output;sfis the switching
frequency of each phase, and N is the number of phases in an interleaved arrangement. Thus, five
phases switching at 2&®z results in a MHz multiphase convertemhe higher output frequency
significantly reducesutput voltage ripple, which can reduce theanber and size of th@assives
required to meet design specificaticarsd thus mayeduce sizeAdditionally, multiphase POL
converters respond better to transient loads because the higher effective freqe@nsyhat at
least one phase is never far from turning on; this does however require a controller with enough
bandwidth to sense the change in load and increase the duty cycle to accommodate the change.

Fig. 7.7 compares the steadyate 5A output voltageand current waveforms of a single phase and
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an interleaved five phase POL converfdre five phase POL has a much cleaner output waveform.
Notice the five phase POL converter has significantly less output voltage ripple. There are many
other great advaaties of multiphase POL converters such as distributing current to minfiRize |
loss,produces aleaner output signahashigher load capability, anchn perfornphase shedding.
Phase shedding promotes high efficiency by dropping phases to operate dmengmphases at

the load that yields peak efficiencgimilar to the concept of cylinder deactivation in modern

vehicle engines

(a) Single phase POL converterA®utput.
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(b) Interleaved five phase POL converteA butput.
Fig. 7.7:Comparisorof output voltage waveforms (purple) between a single phase POL
converter and interleaved faghase POL converter.
7.22 Five phase GaN vs. Sivs. GaN/Si
The GaN/Si hybrid POL converter significantly improves efficiency beyond simitar Si
based designand it improves high load efficiency beyond the ability of Gadded designs. Fig.
7.8 compares experimental efficiency of ab&8sed, a Galased, and a GaN/Si hybrid POL
converter. These three converters are all interleaved five phase synchronous riueskero
capable of more than 125 A load current. All three converters utilize the same controller, inductors,
capacitors, and gate drivers. The only changes between them arestiEn8FSR of the GaN

based POL converter is two EPC2015s in parallel tiol g effective ofresistance Bson)erF=
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2mY, which is stil!] t onallg the twohparallel GEN FIETM ¢he SR SR.

have an effective gate charge €r=21nC.
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Fig. 7.8: Efficiency comparison of a-Based, a Galbased, and a GaN/Si hybrid POL converter

(each an intedaved five phase synchronous buck converter topology)
7.23 Thermal Analysis of GaN/Si Hybrid POL
Each GaN/Si hybrid POL phase is approximately @#4nd can be nearly half this size
with the inductor mounted on the backsidetted PCB Fig. 7.9 includes thermal images of the
GaN/Si hybrid ®L converter at 25 and 100 without any forced cooling. The thermal images
are upsidedown relativetoFig. 7.6 I n bot h desi gns, AAO represen

ABO denotes t he Sitch&RBSR aBasimikar irt tdémperatuce neven thdugh she
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SR conducts for nine times as long as the control switch; with that said, the SR also has a larger
surface area to dissipate heat.
‘ » . e~ » - e K

e T Bad—" = 39.

w

. : . . °
. >
(a) 25 A load current (b) 100 A load current

Fig. 7.9. Thermal images of one GaN/Si POL converter phase.
No forced cooling and ahbient= 23.3°C.

GaN certainly hasome remarkable characteristicparticularly switching around three
times faster than SiThere is certainly a bright future for GaN semiconductors, and they will
continue to improve. Nevertheless, there are still some applications best suited for Si, and perhaps
some applications that are best when utilizing GaN artexperimental results sk that he GaN
POL converteris dominated by conductionds at high loads, whereas t8ePOL converteris
dominated by switching loss at light loads. However, the GaiNt8id approaclyieldsimproved
efficiencyover a large load range and offers extueyal power densitySince the EPC GaN FET
still proved to be the best applicant for the control switch, the conclusion is that, with the current
semiconductor market, a combination of GaN and Si can produce better high load results than
either technologgan independently. The expation is that eventually, as Gafdnsistors mature,

GaN power semiconductovsill surpass Si with very low Bonyand low @; however, at this

time, the GaN/Si hybrid POL converter approautiproves high load performance tine 12to-

1V POL application.
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7.3  POL Version 5Design

Although the GaN/Si design from Section 7.2 optimizes conversion efficiency at very high
load currents, a GaN design has some operating réingegyht load and higfrequency where
it is unmathed and is thus pursued further to improve upon previous GaN dd3@n3/ersion
5 was designed to be a more power dense prototype than Version 3. All phases asaorethe
PCB and located closer together to reduce output conduction loss, which cargéeshen
operating Aovel00A.

Version 5 is a 10ayer PCB. Every other layer (inner 1, 3, 5, 7, and bottom Cu) are all
ground layersVersion 3 prototypes were only 6 layer PCBsveral layers are nearly duplicated,
and ten layers are used to red@e losses to the output terminals, as the output is capable of
reaching as much as 150 A. TB®OTSTI DSP controller card is tmted near the bottom of Fig.
7.10, and several additional communication ICs, accompanying passives, and headers are located
below the controller. Directly above the controller are resistor dividers for the current sense lines
from each phase. Slightly above the middle of the PCB, five identical GaN synchronous buck
converters are located stdg-side. Input and output terminals ak located at the top of the
board and two 5V terminals are used tmeasure power coasiption by the DSP controller and

communication integrated circuits (IC®parately fronthe gatedrivers.
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Fig. 7.10 POL Version Srototype.

7.3.1 POL Version 5 Efficiency

Compared to the best commercial gmnablished ®L converters at similar operating
conditions Version 5 achieves significantly improved efficign¢5-12% improvement)
Maximum efficiency is realized at 25 at over 96%Efficiency vs. load ipresented for several
frequencies in Fig. 7.11 Fig. 7.14.As frequency increases, efficiency decreases slightly. The
advantage, however, to increasing frequency is the ability to reduce the size of the passives and
improve transient analysighis is a tadeoff to be tailored to a specific desigrhe effect of

frequency on ficiency is presented in Fig.15.
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Fig. 7.11 Efficiency vs.load (f = 160 kHz,dr = 800 kHz)

Frequency = 200kHz: 12-to-1V Load vs Efficiency
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Fig. 7.12 Efficiency vs. bad (f = 200 kHz,& = 1 MHz).
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Fig. 7.13 Efficiency vs. bad (f = 350 kHz,d& = 1.75 MHz)

Frequency = 450kHz: 12-to-1V  Load vs Efficiency
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Fig. 7.14: Efficiency vs. bad (f = 450 kHz,d& = 2.25 MHz)
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Load = 55A: 12-to-1V  Efficiency vs Freq

Efficiency (%)
© © © © O o © O © ©
@ © o — N w S (8] [} ~
T T T T T T T T T ]

oo
by
T

2000nH.ser1410-1-2
T |

| | |
150 200 250 300 350 400 450 500
Frequency (kHz)

o]
(]

Fig. 7.15: Efficiency vs.frequency at 55 A

It is very practical to operate this POL converter at lower frequency, since the effective
frequency is multiplied by the number of phases. That means transient response should be
improved with an increase in phases, the inductance can be decreased without increased output
ripple, and size of each phase can be reduced. To ensure reasonableskarieg and verify that
devices operate well beneath their thermal limits, thermal images were taken at 207dlod®0

in Fig. 7.16 and Fig. 7.17, respectively.
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Fig. 7.16: Thermal image of Version 5 operating aA26ad (Tuax = 28.2°C).

Fig. 7.17: Thermal image of Version 5 operating at#ldad (Tuax = 31.9°C).
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The GaN POL Version 5 converter is currently in a@duction state. The topology,
layout, and components have been optimized for a wide range of input and output voltages (V
=271 24V and Vout = 0.51 5V), and only slight design modification would be needed&dtages
outside of this range. The five phase POL can operate frori3D W with ideal performance
(>90% efficiency) between 15 and 106 Higher power requirementould be met by adding
additional phases. With this design, unwanted components and test points would be removed, and
size would decrease for a commercial produesulting ina power density of approximately
270W/in3. Ideally, the controller would bemplemented in an ASIC to reduce size drastically and
to reduce the power consumption of the digital controllee final performance of the fiyghase
GaN/Si hybrid POL converter is compared to several commercial and research prototype POL
converters in K. 7.18. From this figure, it is evident that this design operates at much higher load

and much better efficiency than alternative POL converters.

Efficiency (%)
1004 Auburn/GaN
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0 |
'mi

-

80 Sbams e
Belg BST12L >
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Fig. 7.18: Auburn GaN POL mtotypecompared tstateof-the-art ommerciall2-to-1V POLs
and best WBG ptotypes.
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CHAPTERS8

WBG DATA CENTERPOWER SUPPLY CHAIN

It has been established that energy consumption of most commercial data centers is high
and power conversion efficiency is low because more than half of the power is consumed during
power conversin, distribution, and coolinglhis chapter discusses the design of three WBG
power conversion stages tmactifies and converters 480threephase (3) ACto ~1V DC. This
system architecture is presented in Fig., &dd this systenapproachemploys WBG power
devices including SiC and GaN FETs and diodeswhich helpsto increag converter efficiency
and powedensity Scaled dowprototypesof all power conversion stagestiredaa center power
supply chainhave beerdesigned, builtand tested. Thedaantages of utilizing WBG power
devices are illustratethroughsimulatiors andthen verified byexperimenrdl results This chapter

provides a system level view of the WBG architecture and analyzes each stage individually.

! a
= e
ssovsni | ol | sovoe | JRSEL IRy oo |
AC 1 ] On board ! 1 | DC! IBC! Loads ! i
| 1 Fontend | | ; H : : : i
'l Redifier_ ) |0 TTTTTTToos (O :
i Rack Mother Board :

Fig. 8.1: Three stage WBG power conversion architecture.

Compared to a fulscale system, the prototype power ratings have been scaled down for
demonstration purpose. The front end rectifier was selected to be 7.5 kW. Three front end rectifiers
are locatedn parallel to powea 19 kW load with a 2+1 redundancy structure. The power rating
of each bladéor drawer)is 1600 W, which iglivided into four quadrant&ach quadrant is rated
at 400W which is met bythree300W IBCs andfour 150W POLs The additimal IBC and POL

power capacity providdd+1 redundancy foeachconversiorstage.
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Overall system efficiency of 89.6 % has been reached at full load with WBG devices in all
three power stages calcul ated as tiehoy. Thogsrisod uc't
3% higher than the highest Si efficiency based on theoretical maximum calcul#i@9%.
increase in the worl dodos data cent @Whperygapl y ch
[62].

oPYWIQ oHwp T ©Q
ol Tt Tthi Tth Tt daQ (8.1)
That is enough energy to power 332,000,000 averageeholds inthe US for a year. Inhe

following three sections, each of the three power stages will be introduced in detail.

8.1 Intermediate Bus Voltage

The system architecture in Fig. 8.1 is a starting pointdsttll flexible. For instance, the
input voltageto the front end rectifier can be 4808, AC, which is common in the US, or it can
be a range of HVDC. The 400 DC bus was chosen to distribute through the cabinet because
400V is an ideal output for front end rectifier efficiency, it reduces current to reduce transmission
loss within the rackand 400V can be implemented withoowerly complicatedafety protocol.
Since the load determines the output of the POL, there is only one intermediate voltage that can
be tuned for best system performartbe intermediate bus voltagéhe intermediatbus voltage
is defined as the output of the IBC and the input to the POL, and an investigation has been

performed to determine the optimum DC voltage for this bus.

The IBC is an LC resonant converter which is DC isolated; however, the output voltage
is unregulatedFig. 8.2). Therefore, the intermediate bus voltage is unregulated but the turns of

the transformer in the IBC determines the approximate intermediate bus voltage. The intermediate
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bus voltage will usually drop as load increases due to adalitioss in the IBC. The synchronous
buck converter is aortisolated highly regulatedopology (Fig. 8.3). Therefore, it can compensate
for large shifts in intermediate bus voltagdese two stagawvork harmoniously to compensate
for each ominlgseThéIBC pokides @Cdsolation for the POL and the POL regulates
the output for the IBCWorking together, thesavb stages form what will beeferred to as the
intermediate bus architecture (IBA). The IBA is presented ing=.The input and outp to the

IBA is predetermineghowever, the intermeake bus voltagéVint) may still bedeterminedy the

system designer

Cr= %g} ] SRH S;E X
e T L
Goc 3 36 wO ST
&I—K‘” CT R3 E i
I — Y s iy == Vo
CQT Q23 SR2]|
Fig. 8.2: Topology of LLC converter. Fig. 8.3: Topology of

buck converter.

LLC
Vint=? e 1V

400 V Converter Converter

Fig. 8.4: Intermediate bus voltage optimizatifg8].

The goal is to determinenaximum efficiency of the IBA without sacrificing
reliability, steadystate output signal, and output transient performance. Tahile8831ist the
specifications, devices selection and transformer design of the LLC and buck converters with

different irtermediate bus voltages. All of these factors must be considered in order to calculate
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losses for both systemEfficiency for the IBC and POL were calculated and plotted against

output power (Fig. 8.5 and Fig. 8.6). By combining this data, Fig. 8.7 eejisathe IBA losses

at various intermediate bus voltages ranging frovhtd 24V.

Table 8.1: Specifications and device selecti

Table 8.2Transformer design with different du

of LLC converter at different bus voltagigs). voltageg63].
Value Turns
Parameter Output Copper .
200V Voltage Thickness Core Type ratio
Input Voltage
TE5 AV 24,12, Primary: E22i6i16 | & 16,20
Output Voltage 10, 8V 2oz PLT22/16/2.5 24
Power Rating 300w 6.4V Seczondary: 2 *E18/4/10 32,48
’ oz PLT18/10/2
1 MHz

Switching Frequency

Primary side MOSFET

Transphorm 600 V

48V Infineon 25 V
SR 1012 V EPC 40V
4y EPC 100 V

Table 8.3:Specifications and device selection of buck converter at difféngs voltagefs3].

Parameter Value
Input Voltage 424 V
Output Voltage 1v
Power Rating 30w
Switching Frequency 200 kHz
1 He
Inductor CoilCraft XAL1010
4V Greatwall 7 V
MOSFET 6-12 V Infineon 25 V
24V EPC 40V
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Efficiency (%)
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Fig. 8.5: LLC efficiency at different Fig. 8.6: Buck efficiency at different
bus voltagd63]. bus vdtage[63].
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Fig. 8.7: IBA system efficiency at different bus voltd§8].
As calculations will generally indicate, the efficiency of each system will decesatse
ratio Vin/Vour increases. The synchronous rectification on the secondary side of the LLC resonant

converter will inherit additional conduction loss if the intermediate bus voltage is decreased.

Meanwhile, the synchronous buck converter reduces ctinduoss in the SR due tieeewheeling
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